In this study, we have investigated the landscape of academic literature in quantum information technologies (QIT) using bibliometric tools of analysis. In the first part of the study, we have used an initial set of 50,822 articles obtained from the Web of Science using an extensive search query constructed through expert opinion. Analysis of this section revealed that QIT is deeply rooted in the field of physics and over 80% of the articles are published in journals mainly reserved for publication in physics. Additionally, it can be seen from this initial set that on a quantitative level based on the number of published scientific articles, the US, China, and Europe are almost on par. Furthermore, a keyword analysis on this set revealed that the main academic literature can be clustered into three distinct sets, which are (i)quantum communication/cryptography, (ii)quantum computation, and (iii)physical realizations of quantum systems. Finally, for the first section, a burst analysis on this set using different density parameters showed the emergence and fading away of certain key concepts in the literature. In the second part, we focused on 808 'highly cited' articles provided by the Web of Science. Using the co-citation analysis of these articles we have devised a set of core corpus of 34 publications for QIT literature and showed how this core corpus is clustered in itself. Finally for the second section, using bibliographic coupling we have mapped collaboration networks on the country and institutional levels. Search queries and access to enhanced views of figures are provided in appendix.
Introduction
Quantum Information Technologies (QIT) is a field gaining serious attention from funding agencies. In 2018, two new initiatives with a scale of 1 billion euros each are approved by their respective legislative bodies in the EU and US. When combined with the programs in Canada, Japan, Australia, UK, and China, QIT is being recognized as a field of importance by most of the developed world. Although the programs and initiatives aforementioned are from this decade, the idea of using quantum technologies for some of the novelties being presented today is almost 60 years old, such as using "...not just circuits, but some system involving the quantized energy levels, or the interactions of quantized spins" to study the behaviour of atoms on small scales (Feynman, 1959) , and the phrase "second quantum revolution" has been coined since 2003 (Dowling & Milburn) .
The idea of 'second' quantum revolution emerges from the fact that the use of technologies that allowed the Information Age, transistors and laser, are reaching their physical limits.
Moore's Law cannot continue indefinitely since miniaturization of transistors has a lower bound at one to five nm scales. Similarly, to increase our control over communication and sensing processes, there is a need to master the manipulation of single photons. These two are beyond the generally accepted realm of early modern physics and require the adoption of full-blown quantum theories of their respective areas.
Historically, quantum information technologies became an active field emanating from certain developments such as formulation of BB84 (Bennett & Brassard, 1984) quantum key distribution protocol and Shor's algorithm (1994) for prime factorization which can break the commercially used RSA encryption. Lately, large IT companies such as IBM, Google, Microsoft, Honeywell, and Alibaba have been competing in their pursuit of developing the first quantum computer that can solve a problem more efficiently than its classical counterpart without a doubt, and declare quantum supremacy (Harrow & Montanaro, 2017) .
The popularity of this subject can also be seen in the academic literature. An almost 50 fold increase in 25 years in the number of new articles published each year can be seen in The only study on this academic literature conducted using bibliometrics (Dhawan, 2018) is of limited extent both in their search query and time period, and focuses only on quantum computing. Considering the increasing amount of funding allocated recently to QIT research, the elevated levels of activity in the field, and the rapid increase of academic work, it seems evident to us that an encompassing study using bibliometric tools for a thematic analysis of the entire quantum information field is needed.
Methodology
There have been several studies on different emerging fields using bibliometrics and visualization tools such as on quantum cosmology (Fay & Gautrias, 2015) , nanoscience (Porter & Youtie, 2009; Luan & Porter, 2017) , astrobiology (Brazelton & Sullivan, 2009; Taskin & Aydinoglu, 2015) , and neuroscience (Rosvall & Bergstrom, 2010) .
As in most of bibliometric studies, one of the key points is the determination of sample size and formulation of the query to target articles from their respective fields. In order to reach the right query to obtain articles falling within the academic literature of quantum information technologies, we used a three-step procedure. Initially, we created a search query on Web of Science database using personal expertise and certain common phrases gathered from policy documents such as quantum computing, quantum sensing and so on. From this initial search, we collected 40,918 articles and proceeding papers obtained at March 2019, and formulated keyword maps and burst analysis for emerging topics (query and main keyword map for the initial set can be found in Appendix). In the second step, we shared these with five area experts and obtained their feedback to enrich and widen our search query (please see Appendix). Finally, we generated keyword maps and burst analysis from this final set and compared it with our initial set.
With this new search query in June 2019, this time limiting the outcomes only to articles, excluding proceeding papers, there were 50,822 records. These articles were used for general analysis (WoS categories, research areas, journals, organizations, and countries).
For further analysis, we curated these articles through deleting retracted articles, and the articles with zero TC (Web of Science Core Collection Times Cited Count) and NR (Cited Reference Count). After this process, there were 42,530 articles left.
Finally, to get an additional and focused view of the extensive academic literature, we obtained the Highly Cited articles presented by Web of Science database for the specified search query. There were 808 articles from the time period 1999-2018 with 234.59 average citation per item, and with a total number of 185,860 citations without self-citations. This set was especially used to form a core corpus for the literature on quantum information technologies which can be found on Table 8 .
Descriptive Findings
Using the initial set of 50,822 articles and Web of Science databases internal tools we have obtained the following lists; Web of Science Categories, Research Areas, Source Titles (Journals), Organizations-Enhanced, and Countries/Regions. Following each table, we give brief discussions on the content and their relation to the overall findings. Table 1 are expected fields for quantum information technologies. It shows that the field is deeply rooted in physics and related categories.
Web of Science Categories listed in
Simultaneously, it shows that a considerable amount of articles fall under multiple categories defined above, since the total percentage of top 20 categories is 167%, indicating overlaps.
This can be seen as an indicator for the interdisciplinary nature of the field. In fact, in order to address the interdisciplinary relationships among physics, optics, mechanics, chemistry, electronics, information, materials, and computing, "Quantum, Science and Technology" as a category was introduced in 2019 into the Web of Science Core Collection database.
According to the press release this category is concerned with "the complex interaction of waves, particles, and states of matter that do not conform to the laws of classical physics" (WoS, 2019, https://clarivate.com/webofsciencegroup/blog/new-web-of-science-categories-reflect-ever-ev olving-research/). Similar to the WoS Categories, Table 2 showing the distribution of Research Areas for the articles in the dataset shows strong reliance on physics and related fields. However, now it can be seen that the literature contains articles in neuroscience, education, philosophy of science, and life sciences. Even though the percentage of these areas are small compared to physics, optics, and computer science, they are still existent in the dataset giving the set at hand connections to other bodies of literature from different fields, which can be thought of an indicator of multidisciplinarity. There were 495 journals with five or more articles from the dataset containing, 49,145 articles. We have checked for the 80-20 rule (Lancaster and Lee 1985, p. 390) , whether 80% of the articles are published at the 20% of journals. In the top 99 journals, there were 42,800
articles. This rule indicates whether a field is mature/stable or emergent as emergent fields do not fit into 80-20 rule. For the top 20 journals, it can be seen in Table 3 that other than Scientific Reports and Nature Communications , all are journals dedicated to physics or quantum information related fields particularly. Through these, it can be argued that the academic literature in quantum information technologies is highly established and mainly gathered around physics related journals despite the fact that in the full list there are journals from different disciplines. As mentioned in the introduction chapter, there are many competing countries in the race of developing quantum information technologies. This can be clearly seen from the organizations-enhanced data presented in Table 4 . Central organizations from China, France, Germany, Singapore, Canada, Russia, the UK, and Italy can be found at top 10.
Considering there are eight organizations from the US in top 20 but only one at top 10 shows that for the US, activities in quantum information technologies is horizontally distributed while for many other countries they are more focused or coordinated. Finally in this section, on Table 5 countries with respect to their scientific output in quantum information technologies related fields can be found. It can be seen that China has the lead.
When compared to China, the US and EU (not counting the UK) have similar sizes of quantitative contributions to the academic literature in the field. After these lists we continued our analysis with the remaining 42,530 articles. On this dataset, we have performed the co-occurrence of keyword analysis, limiting ourselves to the keywords occurring 200 times or more, in the title and/or abstract of the article. Resulting map of keywords is presented in Figure 2 .
There were three clusters due to high number of occurence (200) demanded. The red cluster mostly corresponds to the physical realizations. The blue cluster is quantum cryptography and communication. The green cluster has quantum computation, but also quantum information theory concepts as well. Keywords such as quantum discord, concurrence, relative entropy, and entanglement measure appear at the edges of this cluster. Indicating that, in the literature, articles on the more theoretical side of quantum information is more closely related to quantum computation rather than quantum cryptography, communication or physical realization of these theoretical concepts.
Figure 2
A possible explanation of this consolidation of clusters was the exclusion of articles with TC and NR zero, which are the articles with no citations and references. A quick analysis over the entire set of 50,822 articles showed that the three clusters persist if the same procedure is followed with the reduced set. However, when the entire set of keywords are analyzed (usually VosViewers default is presenting 60% of the most relevant terms) a fourth cluster emerged. It is provided in figure 3 .
This new cluster contain keywords such as entanglement, quantum correlation, master equation, quantum discord, phase transition and so on, which indicates that the clustering of terms on the more theoretical side, which is expected also. Therefore, it can be said that on a grand scale there are three clusters of keyword association in the academic literature of QIT. As we increase our resolution, more clusters appear as subfields within the overall chorus of scientific works begin to become distinguishable.
Figure 3
Burst detection is an algorithm that identifies sudden increases in the frequency of words by employing "a probabilistic automaton whose states correspond to increasing frequencies of individual words" (Weingart et. al. 2010) . For burst analysis we extracted column pairs (PY/ID, PY/DE, PY/TI), and harmonized the combined use of lowercase-uppercase in DE (Author Keywords) column. Only analyses over author keywords are presented here.
Temporal burst detection analyses were run on Sci 2 Tools program. In Figure 4 , 11 outcomes for the lower density parameter of 1.2 can be seen. The initial one with the longest streak is quantum computation. Keywords such as quantum computer and quantum computing can also be found in the same time period. Entanglement, quantum entanglement, quantum theory are expected dominant words. The 11 year streak of teleportation as a hot topic and increasing importance of quantum discord and quantum correlations are also indicative of certain areas of interest emerging and fading away or becoming established, hence losing their high popularity among quantum researchers.
Figure 4
For the extended version of these topics, a higher density parameter is used and 69 keywords obtained. These are presented in Until this point, we have presented our findings in the general list and discussed over the entirety of the academic literature in quantum information technologies. Our analyses show that it is a highly diverse field in topics with strong interdisciplinary tendencies while it is deeply rooted in physics as the academic domain of publication and quantum computation as the early basis of academic literature. The main body of work can be split into three distinct major clusters which focus on (1) physical systems, (2) quantum computation together with quantum information theory, and finally (3) quantum cryptography and communication related aspects. However, more and more topics of different subfields are emerging lately.
Highly Cited Articles
The highly cited articles section of Web of Science on the search query provided resulted in 808 published articles. Out of these, there were 34 which had over 30 citations in this set of highly cited articles. To compare, their respective citations in the full set of 42,530 articles is also given. This column is prepared via searching the prepared set manually, hence the citation numbers here are less than the total citation numbers of the articles. These are provided in Table 8 . The relation of these articles over co-citation links can be found in figure 
Conclusion
In this study, we have utilized bibliometric methods and visualization tools to investigate the literature of quantum information technologies as an emerging field. We established that QIT is rooted in physics and its popularity arose through quantum computation between late 1990s till around 2010 and following that time period the field had newer emerging topics.
The main academic literature is divided between quantum computation and quantum cryptography/communication together with their theory on the one side, and the studies focused on the physical implementation aspect on the other. Additionally, we have formulated a core corpus of 34 articles using the co-citation analysis over 808 highly cited articles in the field, and shown how countries and organizations are connected to each other through collaborative articles in the academic literature.
The study at hand can be extended in two particular aspects. Firstly, each subfield defined by policy papers such as quantum computation, quantum sensing/imaging, quantum simulation, and quantum cryptography/communication can be studied by themselves through careful selection of query terms and diligent curation of obtained dataset. Due to the interdisciplinary and highly entangled nature of the field, this would require expert review for each subfield. Secondly, the relationship between major institutions within a country and from different countries can be investigated to analyze collaboration patterns. These can be cross-checked with both investment into and commercialization outcomes of the institutions, and policy suggestions can be developed on whether current collaboration efforts are producing the desired results or not.
Second quantum revolution is a full-blown scientific and technological phenomena and more studies on the emergence and development of this field both in academic and commercial terms are required for formulation of evidence based policy suggestions. Such efforts can be mostly reserved for non-academic journals and white papers from interested institutions, but we believe that academic studies using bibliometric tools can provide valuable insight into this ongoing technological revolution.
